REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 

Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 

Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

2.  REPORT  TYPE 

3.  DATES  COVERED  (From  -  To) 

16-01-2008 

Final  Report 

15- Aug-2004  -  14-Jan-2008 

4.  TITLE  AND  SUBTITLE 

Microwave  and  millimeter  wave  magnetoelectric  interactions  in 
engineered  multiferroics  and  dual  electric  and  magnetic  field  tunable 
devices 


5a.  CONTRACT  NUMBER 

W91  INF-04-1 -0299 


5b.  GRANT  NUMBER 


6.  AUTHORS 

Gopalan  Srinivasan,  Andrei  Slavin,  Joseph  Mantese 


5c.  PROGRAM  ELEMENT  NUMBER 

611102 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

Oakland  University 
Walton  &  Squirrel  Rds. 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


Rochester,  MI 


48063  -2492 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

46440-MS.  1 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


14.  ABSTRACT 

Layered  magnetostrictive-ferroelectric  structures  are  multifunctional  due  to  their  response  to  mechanical  and 
electromagnetic  forces.  Investigations  on  microwave  magneto-electric  (ME)interactions  were  performed  on 
ferrite-ferroelectrics  layered  structures.  Systems  studied  include  yttrium  iron  garnet  (YIG)-lead  zirconate  titanate  (PZT)  or 
YIG-barium  strontium  titanate  (BST).  Our  efforts  have  resulted  in  the  following  breakthroughs  in  experimental  and  theoretical 
understanding:  (i)  The  observation  of  strong  microwave  ME  interactions  in  YIG-PZT;  (ii)  Theory  and  experiments  on  the 
creation  and  propagation  characteristics  of  hybrid  spin-electromagnetic  waves  in  YIG-BST;  and  (iii)  Fabrication  of  electric  field 


15.  SUBJECT  TERMS 

multiferroics,  microwave,  millimeter  wave,  magnetoelectric 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

17.  LIMITATION  OF 

ABSTRACT 

SAR 


15.  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 
OF  PAGES  Gopalan  Srinivasan 

19b.  TELEPHONE  NUMBER 

248-370-3419 


Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 1 8 


Report  Title 
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magnetic  field  tunable  devices 

ABSTRACT 

Layered  magnetostrictive-ferroelectric  structures  are  multifunctional  due  to  their  response  to  mechanical  and  electromagnetic  forces. 
Investigations  on  microwave  magneto-electric  (ME)interactions  were  performed  on  ferrite-ferroelectrics  layered  structures.  Systems  studied 
include  yttrium  iron  garnet  (YIG)-lead  zirconate  titanate  (PZT)  or  YIG-barium  strontium  titanate  (BST).  Our  efforts  have  resulted  in  the 
following  breakthroughs  in  experimental  and  theoretical  understanding:  (i)  The  observation  of  strong  microwave  ME  interactions  in 
YIG-PZT;  (ii)  Theory  and  experiments  on  the  creation  and  propagation  characteristics  of  hybrid  spin-electromagnetic  waves  in  YIG-BST; 
and  (iii)  Fabrication  of  electric  field  tunable  YIG-PZT  and  YIG-BST  resonators  and  phase  shifters  operating  at  3-12  GHz.  These  results 
have  been  published  in  35  journal  articles. 
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FINAL  REPORT 

Microwave  and  millimeter  wave  magnetoelectric  interactions  in  engineered 
multiferroics  and  dual  electric  and  magnetic  field  tunable  devices 


Gopalan  Srinivasan,  Andrei  Slavin,  and  Joseph  Mantese 
Physics  Department,  Oakland  University 
Rochester,  MI  48309 


Abstract 

Layered  magnetostrictive-ferroelectric  structures  are  multifunctional  due  to  their 
response  to  mechanical  and  electromagnetic  forces.  Investigations  on  microwave 
magneto-electric  (ME)interactions  were  performed  on  ferrite-ferroelectrics  layered 
structures.  Systems  studied  include  yttrium  iron  garnet  (YIG)-lead  zirconate  titanate 
(PZT)  or  YIG-barium  strontium  titanate  (BST).  Our  efforts  have  resulted  in  the  following 
breakthroughs  in  experimental  and  theoretical  understanding:  (i)  The  observation  of 
strong  microwave  ME  interactions  in  YIG-PZT;  (ii)  Theory  and  experiments  on  the 
creation  and  propagation  characteristics  of  hybrid  spin-electromagnetic  waves  in  YIG- 
BST;  and  (iii)  Fabrication  of  electric  field  tunable  YIG-PZT  and  YIG-BST  resonators  and 
phase  shifters  operating  at  3-12  GHz.  These  results  have  been  published  in  35  journal 
articles. 

Research  Accomplished  and  Major  findings 

Layered  multiferroics  are  of  current  interests  for  studies  on  the  physics  of  ME 
interactions  and  for  useful  devices.  The  ARO  support  facilitated  fundamental  work  on 
microwave  ME  interactions  and  the  design  and  characterization  of  dual  electric  and  magnetic 
field  tunable  devices  [1-32],  Studies  focused  on  the  physics  and  novel  device  concepts  related  to 
two  important  effects:  (i)  ME  coupling  between  tightly  bound  layers  influencing  the  frequency 
of  ferromagnetic  resonance  and  (ii)  ME  coupling  between  unbound  layers  leading  to  the  creation 
of  hybrid  spin-electromagnetic  waves.  Key  accomplishements  include  the  following. 

-  Resonance  magnetoelectric  effects  in  ferrite-piezoelectric  bilayers,  at  ferromagnetic  resonance 
for  the  ferrite.  The  ME  coupling  was  measured  from  data  on  FMR  shifts  in  an  applied  electric 
field  E.  Low-loss  yttrium  iron  garnet  (YIG)  was  used  for  the  ferromagnetic  phase.  Single  crystal 
lead  magnesium  niobate-lead  titanate  (PMN-PT)  and  PZT  were  used  for  the  ferroelectric  phase. 

-  Theory  and  measurements  on  hybrid  spin-electromagnetic  waves  that  originate  from  ME 
interactions  in  layered  YIG-BST  structures,  and  theory  of  microelectronic  hybrid- wave 
resonators. 

-  Design,  fabrication,  and  analysis  of  composite  based  devices,  including  resonators  and  phase 
shifters.  The  unique  for  such  devices  is  the  tunability  with  E. 

There  have  been  many  breakthroughs  in  both  experiments  and  theoretical  understanding  of 
the  phenomenon.  We  provide  here  a  brief  outline  of  key  accomplishments. 
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l.  Microwave  ME  effects  in  ferrite-piezoelectrics:  Theory  and  Experiment 

In  the  microwave  region  of  the  electromagnetic  spectrum,  the  ME  effect  can  be  observed 
in  the  form  of  a  shift  in  FMR  profile  in  E  (Fig.l).  Mechanical  stress  in  the  ferroelectric  arising 
from  E  is  coupled  to  the  ferrite,  leading  to  a  shift  8HZ  in  the  FMR  as  in  Fig.2.  Theoretical  FMR 
profiles  based  on  our  model  are 


Static  Magnetic  Field  (Oe) 

Fig.l:  Theoretical  FMR  profiles  in  ferrite-PZT 

bilayers  at  9.3  GHz  for  E=0  (labeled  -1)  and  E  =  300 
kV/cm(-2).  E  and  H  are  perpendicular  to  the  bilayer. 
[Ref.  2  2] 
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Fig.2:  Data  on  FMR  field  shift  vs.  E  for  a  YIG/ 
PMN-PT  bilayer.  [Ref. 2 3] 


shown  in  Fig.l  for  bilayers  with  YIG,  nickel  ferrite  (NFO),  or  lithium  ferrite  (LFO)  and  PZT. 
For  E  =  300  kV/cm,  a  shift  in  the  resonance  field  SHE  that  varies  from  a  minimum  of  22  Oe  for 
YIG/PZT  to  a  maximum  of  330  Oe  for  NFO-PZT  is  predicted  [21,22],  The  strength  of  ME 
interactions  A  =  <5He/E  is  determined  by  piezoelectric  coupling  and  magnetostriction.  Figure  2 
shows  our  data  on  8HZ  vs  E  at  9.3  GHz  for  a  bilayer  of  YIG  and  PMN-PT  and  the  ME  effect  is  an 
order  of  magnitude  stronger  than  predictions  in  Fig.l  for  YIG/PZT.  The  data  also  provide 
evidence  for  electric  field  tunability  of  YIG  microwave  devices. 

2.  Hybrid  spin-electromagnetic  waves  in  ferrite-dielectrics:  Theory  and 
Experiment 

The  ME  effect  discussed  above  takes  place  in  bilayered  ferrite-ferroelectric  structures 
when  the  layers  are  tightly  bound  i.e.  when  the  mechanical  stress  created  in  one  layer  is 
transferred  to  the  neighboring  layer.  There  are,  however,  other  ME  phenomena  that  do  not 
require  bonding  between  the  layers  and  take  place  simply  due  to  the  proximity  of  two  material 
having  different  dielectric  and  magnetic  properties  [31].  An  example  of  such  a  phenomenon  is 
the  formation  of  hybrid  spin-electromagnetic  waves  in  the  layered  structures.  The  nature  of  the 
hybrid  waves  were  studied  in  a  YIG-BST  structure  shown  in  Fig.3.  The  dimensions  for  the  YIG 
and  BST  were  chosen  to  be  equal  in  order  to  maximize  the  electromagnetic  coupling  between 
FMR  in  YIG  and  dielectric  resonance  in  BST.  Both  H-  and  E-dependence  of  the  hybrid 
excitations,  due  to  variations  in  p  and  s,  were  measured  (Fig.4)  and  compared  with  theory  [31]. 
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The  key  result  is  the  tunability  of  the  mode  by  100  MHz  for  nominal  E  and  would  facilitate  the 
fabrication  of  E-tunable  YIG-BST  resonators  for  microwave  circuits. 


Fig.  4:  Dependences  of  resonant  frequencies 
on  E.  Open  circles  are  resonance 
frequencies  of  the  YIG-BST  resonator,  and 
the  solid  squares  and  triangles  are  resonant 

VTn  D  CT 


3.  Electric  field  tunable  microwave  devices:  YIG-PZT  and  YIG-BST 
resonators 

The  above  studies  on  microwave  ME  effects  in  YIG-PZT,  YIG-PMNPT,  and  YIG-BST 
led  to  the  design,  fabrication  and  characterization  of  a  new  family  of  novel  signal  processing 
devices  that  are  tunable  by  both  magnetic  and  electric  fields.  The  device  studied  under  ARO 
support  included  YIG-PZT  and  YIG-BST  resonators  [28-31],  We  also  have  an  ONR  grant  for 
“Electric  field  Tunable  Ferrite  Devices  ”  and  supported  our  efforts  on  filters,  phase  shifters  and 
delay  lines  [26,27,34-37] . 


\  * 


Fig.  5:  YIG-PZT  resonator.  [Ref.  2 8] 
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Fig.  6:  Electric  field  tunable  13  pm 
YIG-PMN-PT  resonator  with 
perpendicular  magnetization  (H  = 
3010  Oe).  [Ref.28] 
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We  have  extended  the  studies  described  in  d.l  and  d.2  to  include  electric  field  effects  in 
YIG  resonators  [28-31],  Bilayers  were  made  by  bonding  epitaxial  YIG  films  and  single  crystal 
PMN-PT  or  PZT.  Stripline  resonators  (Fig.5)  were  subjected  to  perpendicular  or  parallel  H. 
Figure  6  shows  the  resonator  response  for  an  electric  field  across  PMN-PT :  a  shift  dfE,  positive 
or  negative  depending  on  the  H  direction,  is  seen.  The  tuning  obtained  here,  3HE  =  50  MHz  for 
E=  10  kV/cm,  is  10  times  the  width  of  FMR  in  YIG  and  is  suitable  for  device  applications.  The 
resonator  Q  ranged  from  1000-2000.  With  proper  choice  of  the  ferrite  and 
piezoelectric  phases  and  F-value,  a  tuning  range  of  0.5-1  GHz  is  quite  possible. 

Similarly,  YIG-BST  hybrid  wave  resonators  showed  Q  =  1000  and  electric  field 
tunability  on  the  order  of  0. 1  %  of  the  operating  frequency  [31]. 

It  is  clear  from  the  discussions  here  that  ME  interactions  are  very  strong  in  the 
microwave  region  in  bound  and  unbound  ferrite-ferroelectric  bilayers  and  that  a  family  of  dual 
electric  and  magnetic  field  tunable  ferrite-ferroelectric  resonators,  filters,  and  phase  shifters  can 
be  realized.  The  electric  field  tunability,  in  particular,  is  0.1%  or  more  of  the  operating 
frequency  of  filters  and  resonators.  A  substantial  differential-phase  shift  can  also  be  achieved  for 
nominal  electric  fields.  This  proposal  addresses  similar  investigations  on  mm-wave  ME 
interactions  in  hexagonal  ferrite-ferroelectric-dielectric  structures. 


4.  YIG/PMN-PT  resonators:  Electrically  and  magnetically  tunable  microwave  resonators 
based  on  ferrite-piezoelectric  layered  structure  have  been  investigated.  The  structure  consisted  of 
bonded  layers  of  single-crystal  yttrium  iron  garnet  (YIG)  film  and  single-crystal  lead  magnesium 
niobate-lead  titanate  (PMN-PT)  slab.  The  frequency  of  the  resonator  was  tuned  in  over  a  wide 
frequency  range,  from  3  to  10  GHz,  by  varying  the  bias  magnetic  field  (magnetic  tuning)  and 
over  a  narrow  range,  up  to  45  MHz,  by  the  application  of  an  electric  field  (electric  tuning)  to  the 
PMN-PT  layer.  Performance  characteristics  of  the  resonator  are  discussed.  The  data  are  in  good 
agreement  with  theory.  (Figs. 7  and  8).  The  resonator  could  be  useful  as  a  band-pass  or  band- 
stop  filter. 


Fig.  7:  Block-diagram  of  the  YIG/PMN-PT 
resonator. 
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Frequency  (GHz) 

Fig.  8:  Shift  of  resonance  frequency  of 
the  YIG/PMN-PT  resonator  with 
applied  electric  field  E  measured  for 
H=1012  Oe,f=4.8478  GHz. 
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5.  YIG-BST  Phase  shifter:  A  dual,  electric  and  magnetic  field  tunable  microwave 
phase  shifter  based  on  the  propagation  of  hybrid  spin-electromagnetic  waves  in  YIG-BST 
bilayer  has  been  designed  and  characterized  (Fig.9).  The  electrical  tunability  of  the 
differential  phase  shift  Acp  is  achieved  through  the  application  of  a  voltage  across  BST. 
An  insertion  loss  of  20  dB  and  a  continuously  variable  differential  phase  shift  as  high  as 
650  degrees  in  the  frequency  range  of  4.5-8  GHz  are  measured  (Fig.  10). 
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Fig.9 :  Experimental  prototype  of  the 
YIG/BST  ukase  shifter. 


Frequency  (GHz) 


Fig.  10:  Frequency  dependences  of  the 
differential  phase  shift  measured  for 
H=1939  Oe. 


Future  plans:  We  intend  to  extend  this  study  to  cover  mm-wave 
magnetoelectric  interactions  and  devices.  A  proposal  has  been  submitted  to  ARO 
and  is  under  review. 
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